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Abstract
The protozoan Leishmania parasitizes macrophages and evades the microbicidal conse-
quences of phagocytosis through the inhibition of phagolysosome biogenesis. In this study,
we investigated the impact of this parasite on LC3-associated phagocytosis, a non-canoni-
cal autophagic process that enhances phagosome maturation and functions. We show that
whereas internalization of L.major promastigotes by macrophages promoted LC3 lipida-
tion, recruitment of LC3 to phagosomes was inhibited through the action of the parasite sur-
face metalloprotease GP63. Reactive oxygen species generated by the NOX2 NADPH
oxidase are necessary for LC3-associated phagocytosis. We found that L.major promasti-
gotes prevented, in a GP63-dependent manner, the recruitment of NOX2 to phagosomes
through a mechanism that does not involve NOX2 cleavage. Moreover, we found that the
SNARE protein VAMP8, which regulates phagosomal assembly of the NADPH oxidase
NOX2, was down-modulated by GP63. In the absence of VAMP8, recruitment of LC3 to
phagosomes containing GP63-deficient parasites was inhibited, indicating that VAMP8 is
involved in the phagosomal recruitment of LC3. These findings reveal a role for VAMP8 in
LC3-associated phagocytosis and highlight a novel mechanism exploited by L.major pro-
mastigotes to interfere with the host antimicrobial machinery.
Author Summary
The early events surrounding and following the phagocytosis of pathogens largely deter-
mine whether internalization will lead to efficient killing of the microbe or successful
establishment of an intracellular infection. Growing evidence supports the notion that the
autophagy machinery lends a hand to phagocytosis in eliminating intracellular pathogens,
in a process known as LC3-associated phagocytosis (LAP). Protozoan parasites of the
Leishmania genus use surface virulence factors such as lipophosphoglycan and the metal-
loprotease GP63 to interfere with phagolysosome biogenesis and sabotage macrophage
antimicrobial functions. Here, we provide the first evidence that L.major promastigotes
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evade LAP in a GP63-dependent manner and uncover a novel role for the membrane
fusion mediator VAMP8 in LAP. Our findings offer a better understanding of Leishmania
pathogenesis and of the mechanism behind LAP.
Introduction
Phagocytosis plays a central role in linking innate and adaptive immunity [1, 2]. During this
process, pathogens are internalized in a vacuole, the phagosome, which engages in a matura-
tion program involving sequential interactions with various cellular compartments [1]. These
interactions lead to the acidification of the phagosome and the acquisition of an array of hydro-
lases, culminating in the generation of a microbicidal phagolysosome. Peptides generated
through the degradation of microbial antigens are processed in the phagolysosome, loaded on
MHCmolecules, and transported to the cell surface to initiate an adaptive immune response
[1, 3, 4]. Phagolysosome biogenesis thus represents an important means of controlling infec-
tions, but several pathogenic microorganisms have evolved mechanisms to subvert this process
and cause disease [5].
Upon their internalization by host phagocytes, promastigote forms of the protozoan para-
site Leishmania turn off key antimicrobial and immune functions through the inhibition of
phagolysosome biogenesis [6, 7]. The promastigote surface glycolipid lipophosphoglycan
(LPG) plays a major role in this inhibition by disrupting phagosomal lipid microdomains [8–
10]. Recent evidence indicates that the glycophosphatidylinositol (GPI)-anchored zinc-depen-
dent metalloprotease GP63 also contributes to the Leishmania-induced phagosomal remodel-
ing [7, 11]. Hence, during phagocytosis, GP63 is released from the parasite and rapidly gains
access to various intracellular compartments where it cleaves a number of regulators of macro-
phage function [7, 11–16], including regulators of membrane fusion [7, 15]. One such molecule
is the soluble N-ethylmaleimide-sensitive factor-attachment protein receptor (SNARE) Vesi-
cle-associated membrane protein 8 (VAMP8), which we recently showed to control the early
recruitment of the NADPH oxidase (NOX2) to phagosomes [7]. Targeting of VAMP8 through
GP63 enables Leishmania promastigotes to inhibit assembly of the NOX2 complex on phago-
somes, thereby impairing the ability of infected cells to process antigens for cross-presentation
and to activate T cells [7, 17].
A non-canonical autophagic pathway termed LC3-associated phagocytosis (LAP) was
recently shown to enhance the antimicrobial activity of macrophages by linking the autophagy
pathway to phagocytosis [18–22]. This process, which is characterized by the recruitment of
the autophagy-related protein LC3 to phagosomes, occurs during the internalization of parti-
cles that engage various receptors, including TLRs, FcR, TIM4, and Dectin-1 [18, 23–25].
Although the impact of LC3 recruitment on phagosomal functions remains to be fully eluci-
dated, previous studies revealed that LAP enhances phagosome maturation and microbial kill-
ing [18, 23], as well as MHC class II-mediated antigen presentation [25]. One of the hallmarks
of LAP is the requirement for reactive oxygen species (ROS) generated by NOX2 for LC3
recruitment to phagosomes [23]. Given the ability of Leishmania to interfere with assembly of
the NOX2 complex during phagocytosis [7, 26], we sought to investigate the impact of Leish-
mania infection on LAP. Here, we provide evidence that Leishmania promastigotes evade LAP
through a mechanism involving GP63-mediated cleavage of VAMP8 and exclusion of NOX2
from phagosomes.
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Results
Leishmania major promastigotes impair the recruitment of LC3 to
phagosomes in a GP63-dependent manner
Growing evidence suggests that LAP contributes to augmenting the microbicidal and immune
functions of phagosomes [18, 21–23, 25]. Given the ability of Leishmania promastigotes to
interfere with phagolysosomal biogenesis, we sought to investigate the impact of Leishmania
promastigotes on LAP during their internalization by macrophages. Because the GPI-anchored
zinc-metalloprotease GP63 interferes with phagolysosomal biogenesis and function [7, 11], it
was of interest to determine the potential impact of this molecule on LAP. To this end, we
included a L.major GP63-deficient mutant (Δgp63) and its complemented counterpart (Δgp63
+gp63) in our study. Recruitment of LC3 to membranes requires the lipidation of cytosolic
LC3-I to form membrane-bound LC3-II [27]. We first assessed by Western blot whether inter-
nalization of L.major promastigotes led to the lipidation of LC3 in bone marrow-derived mac-
rophages (BMM). We observed that WT parasites induced a rapid and transient conversion of
LC3-I to LC3-II (Fig 1A). Furthermore, GP63-expressing (WT and Δgp63+gp63) and Δgp63
parasites promoted conversion of LC3-I to LC3-II to a similar extent (Fig 1B), indicating that
GP63 is not responsible for this conversion. In addition, expression of the autophagic cargo
receptor sequestasome (p62/SQSTM1) increased with time upon infection independently of
GP63 (Fig 1C) and was sensitive to cycloheximide. We next determined whether internaliza-
tion of L.major promastigotes was accompanied by the recruitment of LC3 to phagosomes. To
this end, we incubated macrophages with WT, Δgp63, or Δgp63+gp63 promastigotes and we
examined the intracellular distribution of LC3 by confocal immunofluorescence microscopy.
We detected LC3 on less than 10% of phagosomes containing WT promastigotes (Fig 2A and
2B). By contrast, we detected LC3 on a significantly higher percentage (~20%) of phagosomes
containing Δgp63 parasites (Fig 2A and 2B). As expected, phagosomes containing the Δgp63
+gp63 parasites were similar to WT phagosomes with respect to the presence of LC3. In all
cases, the optimal time point for the recruitment of LC3 to phagosomes containing Leishmania
promastigotes was 1 hour after the initiation of phagocytosis. Recruitment of LC3 to phago-
somes was previously shown to be preceded by recruitment of Beclin-1 [18] and was shown to
be involved in LAP of Burkholderia pseudomallei [28]. In the case of L.major, we did not detect
recruitment of Beclin-1 to phagosomes (Fig 2C). Collectively, these results suggest that L.
major promastigotes interfere with recruitment of LC3 to phagosomes through a GP63-depen-
dent mechanism.
Leishmania major promastigotes block the recruitment of NOX2 to
phagosomes in a GP63-dependent manner
During LAP, LC3 is recruited to phagosomes in a NOX2-dependent manner [23, 25]. To eluci-
date the mechanism by which GP63 contributes to the impairment of this process, we first
assessed the ability of WT, Δgp63, and Δgp63+gp63 promatigotes to activate the production of
intracellular ROS in BMM. All three lines activated ROS production, although Δgp63 induced
lower levels than GP63-expressing parasites (Fig 3A and 3B). We next determined whether
conversion of LC3-I to LC3-II induced by L.major promastigotes was mediated by ROS gener-
ated by NOX2. Fig 3C shows that treatment of BMM with the NOX2 inhibitor diphenylene
iodonium (DPI) inhibited conversion of LC3-I to LC3-II by WT parasites. Together, these data
indicate that L.major promastigotes activate conversion of LC3-I to LC3-II through the activa-
tion of NOX2, independently of the presence of GP63. Importantly, inhibition of NOX2 activ-
ity with DPI reduced the recruitment of LC3 to phagosomes containing Δgp63 promastigotes
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to the levels observed for phagosomes containing WT parasites (Fig 3D). These results are con-
sistent with the role of NOX2 in the recruitment of LC3 to phagosomes during LAP [23, 25].
We next determined whether the inhibition of LC3 recruitment to phagosomes containing
Leishmania promastigotes was associated to a defective phagosomal recruitment of NOX2
(gp91phox). We infected macrophages with WT, Δgp63, or Δgp63+gp63 promastigotes and
assessed the phagosomal association of gp91phox by confocal immunofluorescence microscopy.
Zymosan was used as a positive control for the recruitment of gp91phox. As shown in Fig 4A
and 4B, we detected gp91phox on nearly 40% of phagosomes containing zymosan and 35% of
phagosomes containing Δgp63 parasites. In contrast, gp91phox was present on approximately
15% of phagosomes containing WT or Δgp63+gp63 parasites. Given that GP63 cleaves a num-
ber of macrophage proteins [29], we next verified whether gp91phox was targeted by GP63.
Fig 1. Infection with L.major promotes LC3 conversion and p62 expression. (A) Kinetics of LC3-I to
LC3-II conversion induced by opsonized L.majorNIH S promastigotes in BALB/c BMMwas assessed by
immunoblot analysis. (B) LC3-I and LC3-II levels in BALB/c BMM infected for 1 h with opsonizedWT, Δgp63
or Δgp63+gp63 L.majorNIH S promastigotes was assessed by immunoblot analysis. (A, B) LC3-II band
intensities were measured by spot densitometry, normalized to the β-actin loading control and compared to
the uninfected control (Ctl) cells. (C) Kinetics of p62 accumulation in BALB/c BMM infected with opsonized
WT or Δgp63 L.major NIH S promastigotes was assessed by immunoblot analysis.
doi:10.1371/journal.ppat.1005690.g001
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Western blot analyses on lysates from macrophages infected with WT, Δgp63, or Δgp63+gp63
promastigotes showed that gp91phox remained intact in infected cells (Fig 4C). Collectively,
these results indicate that GP63 enables L.major promastigotes to prevent recruitment of
NOX2 to phagosomes through a mechanism that does not involve its cleavage.
Fig 2. L.majorGP63 prevents LC3 recruitment to phagosomes. (A, C) Confocal microscopy images of BALB/c BMM infected for 1
h with opsonizedWT, Δgp63, or Δgp63+gp63 L.majorNIH S promastigotes. LC3 (A) and Beclin (C) are in green; nuclei are in blue.
White arrows indicate parasite nuclei; red-filled arrowheads point to LC3 recruitment (A). Scale bar, 5 μM. (B) Quantification of
LC3-positive phagosomes at 1 h after infection. Data are presented as the mean ± standard error of the mean (SEM) of values from
three independent experiments. **p<0.01.
doi:10.1371/journal.ppat.1005690.g002
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Fig 3. L.major promastigote-induced ROS production is required for LC3 recruitment to the phagosome. (A, B) Total ROS levels in
C57BL/6 x 129 BMM infected for 30 min with opsonizedWT, Δgp63, or Δgp63+gp63 L.majorNIH S promastigotes were measured by flow
cytometry using CellROX Deep Red Reagent. (A) Representative histograms are shown. (B) Quantification of the mean fluorescence intensity
(MFI) of each condition relative to the uninfected control is shown. Data are presented as the mean ± SEM of values from two independent
experiments. (C) LC3-I and LC3-II levels in C57BL/6 x 129 BMM infected for 1 h with opsonizedWT L.major NIH S promastigotes, in the
presence of 10 μMDPI or of vehicle drug (0.1% DMSO), were assessed by immunoblot analysis. LC3-II band intensities were measured by
spot densitometry, normalized to the β-actin loading control and compared to the uninfected control (Ctl) cells cultured in the presence of
DMSO. (D) Quantification of LC3-positive phagosomes in BALB/c BMM infected with opsonized L.major promastigotes NIH S (WT or Δgp63)
for 1 h, in the presence of 5 or 10 μMDPI or of vehicle drug (0.1% DMSO). Data are presented as the mean ± SEM of values from triplicate
samples. *p<0.05, **p<0.01.
doi:10.1371/journal.ppat.1005690.g003
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VAMP8 contributes to the recruitment of LC3 to phagosomes containing
L.major
We recently showed that VAMP8 regulates the phagosomal recruitment of NOX2 and that
Leishmania promastigotes cleave and exclude VAMP8 from phagosomes in a GP63-dependent
manner [7]. These observations suggested that the GP63-dependent cleavage and exclusion of
VAMP8 from phagosomes containing L.major promastigotes (Figs 5A–5C, S1) may be
responsible for the impairment of LAP. To test this hypothesis, we used BMM from VAMP8
null mice. We first assessed the impact of VAMP8 on the recruitment of LC3 to phagosomes.
In WT BMM, we observed a two-fold decrease in the recruitment of LC3 to phagosomes
Fig 4. L.majorGP63 inhibits gp91phox recruitment to the phagosome. (A) Confocal microscopy images of C57BL/6 peritoneal exudate
macrophages (PEM) fed zymosan particles or infected with opsonizedWT, Δgp63, or Δgp63+gp63 L.major NIH S promastigotes for 15 min.
gp91phox is in green; nuclei are in blue. Asterisks indicate phagosomes containing zymosan particles, white arrows indicate parasite nuclei, and
red-filled arrowheads point to gp91phox recruitment. Scale bar, 5 μM. (B) Quantification of gp91phox-positive phagosomes at 15 min after
infection. Data are presented as the mean ± SEM of values from three independent experiments. *p<0.05, **p<0.01. (C) gp91phox levels in
lysates from BALB/c BMM infected with opsonizedWT, Δgp63 or Δgp63+gp63 L.major NIH S promastigotes.
doi:10.1371/journal.ppat.1005690.g004
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Fig 5. L.majorGP63 cleaves VAMP8 and prevents its recruitment to phagosomes. (A) VAMP8 cleavage in C57BL/6 x 129 BMM infected
for 2 h with opsonizedWT, Δgp63 or Δgp63+gp63 L.majorNIH S promastigotes was assessed by immunoblot analysis. VAMP8 band
intensities were measured by spot densitometry, normalized to the β-actin loading control and compared to the uninfected control (Ctl) cells.
(B) Confocal microscopy images of C57BL/6 x 129 BMM fed zymosan particles or infected with opsonizedWT, Δgp63, or Δgp63+gp63 L.
majorNIH S promastigotes for 1 h. VAMP8 is in green; nuclei are in blue. Asterisks indicate phagosomes containing zymosan particles, white
arrows indicate parasite nuclei, and red-filled arrowheads point to VAMP8 recruitment. Scale bar, 5 μM. (C) Quantification of VAMP8-positive
phagosomes at 1 and 2 h after infection. Data are presented as the mean ± SEM of values from triplicate samples of an experiment
representative of more than three others. *p<0.05, **p<0.01.
doi:10.1371/journal.ppat.1005690.g005
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containing WT or Δgp63+gp63 promastigotes compared to phagosomes containing Δgp63 par-
asites (Fig 6A and 6B). In contrast, in Vamp8-/- BMM, the recruitment of LC3 to phagosomes
containing Δgp63 was similar to that observed for phagosomes containing either WT or Δgp63-
+gp63 promastigotes and was comparable to the levels observed in WT BMM infected with
WT parasites (Fig 6A and 6B). We ensured that VAMP8 was not required for L.major- or
rapamycin-induced conversion of LC3-I to LC3-II (Fig 6C). The non-pathogenic L. tarentolae
species, which does not express a functional GP63 [30] and does not cleave VAMP8 (7),
induced LC3 recruitment to the same extent as L.major Δgp63, further corroborating these
results (S2 Fig). Altogether, these results indicate that VAMP8 plays a role in LAP and suggest
that L.major interferes with LAP through GP63-mediated targeting of VAMP8.
Absence of VAMP8 does not affect intracellular survival of L.major in
macrophages
LAP was shown to restrict or contribute to the establishment of pathogens such as Salmonella
Typhimurium, Burkholderia pseudomallei, Aspergillus fumigatus, and Listeria monocytogenes
within their host cells [23, 31–33]. Given the involvement of VAMP8 in LAP, we evaluated the
impact of VAMP8 on the control of Leishmania infection in macrophages. To this end, we
infected WT and Vamp8-/- BMMwith L.major promastigotes and assessed parasite survival
and replication over 96 h. As shown in Fig 7A, L.major promastigotes were internalized to the
same extent by WT and Vamp8-/- BMM. Furthermore, we observed no differences in the sur-
vival and replication of L.major promastigotes in the absence of VAMP8 over 96 h, with the
exception of a small but significant increase in parasite survival in Vamp8-/- BMM at 24 h post-
infection (Fig 7A). Moreover, we observed no obvious differences in parasitophorous vacuole
size and appearance in the absence of VAMP8 (Fig 7B). These results are consistent with the
ability of L.major to efficiently neutralize VAMP8 and prevent its recruitment to phagosomes
through the action of GP63.
Discussion
Establishment of an intracellular infection by Leishmania promastigotes is characterized by an
inhibition of phagosomematuration and function [7, 8, 34, 35]. Whilst phagosome remodeling
is mostly achieved through LPG-mediated disruption of lipid rafts [10, 36], recent evidence indi-
cates that the Leishmaniametalloprotease GP63 contributes to this process through cleavage of
membrane fusion regulators [7, 11, 15]. In the present study, we provide evidence that L.major
promastigotes evade LC3-associated phagocytosis, a non-canonical autophagic process normally
involved in the elimination of pathogens through the enhancement of phagosome maturation
[18, 23]. We showed that recruitment of the autophagy protein LC3 to phagosomes containing
L.major promastigotes is impaired through GP63-mediated cleavage of VAMP8. These findings
are consistent with the notion that targeting components of the host cell membrane fusion
machinery contributes to the ability of Leishmania promastigotes to alter phagosomal properties
and modulate host immune responses during the establishment of infection [7, 15].
ROS play a central role in the biology of phagocytes [32]. In addition to their key roles in
microbial killing and antigen cross-presentation, ROS generated by NOX2 are necessary for
LAP [23, 25]. Recruitment and activation of the NOX2 complex to phagosomes during LAP is
a highly regulated process that is starting to be understood. The protein Rubicon was recently
shown to be required for the recruitment of LC3 to phagosomes [33]. This protein facilitates
sustained levels of phosphatidylinositol-3 phosphate on phagosomes and stabilizes the NOX2
complex for production of ROS [33]. The FYCO1 protein, which is involved in autophagosome
trafficking, was shown to limit ROS production by phagosomes during Dectin-1-mediated
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Fig 6. VAMP8 is essential for LC3 recruitment to L.major parasitophorous vacuoles. (A) Confocal microscopy images of WT or Vamp8-/-
C57BL/6 x 129 BMM infected for 1 h with opsonizedWT, Δgp63, or Δgp63+gp63 L.majorNIH S promastigotes. VAMP8 is in green; nuclei are
in blue. White arrows indicate parasite nuclei, and red-filled arrowheads point to VAMP8 recruitment. Scale bar, 5 μM. (B) Quantification of
LC3-positive phagosomes at 1 h after infection. Data are presented as the mean ± SEM of values from three independent experiments.
***p<0.001. (C) LC3-I and LC3-II levels in WT and Vamp8-/- BMM infected for 1 h with opsonizedWT or Δgp63 L.major NIH S promastigotes
or treated with 10 μM rapamycin were assessed by immunoblot analysis. LC3-II band intensities were measured by spot densitometry,
normalized to the β-actin loading control and compared to the uninfected, untreated control (Ctl) cells.
doi:10.1371/journal.ppat.1005690.g006
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phagocytosis and to facilitate the maturation of early p40phox-positive phagosomes into
LAMP1-positive phagosomes [37]. Here, we identified VAMP8 as a regulator of LC3 recruit-
ment to phagosomes, consistent with the role of this SNARE in the phagosomal recruitment of
NOX2 [7]. We found that activation of ROS production by L.major promastigotes is required
for LC3 lipidation and, consistent with previous studies, we also found that inhibition of
NOX2 impaired the recruitment of LC3 to phagosomes harboring L.major. Furthermore, L.
major promastigotes efficiently excluded NOX2 from formed phagosomes in a GP63-depen-
dent mechanism. However, this GP63-mediated exclusion of NOX2 from phagosomes did not
involve its proteolytic cleavage. Rather, through the action of GP63 on VAMP8, the NOX2
complex is not assembled on phagosomes, precluding LC3 recruitment. It is interesting to note
that the intracellular bacterium Legionella interferes with host autophagy by directly targeting
LC3 through the action of the effector protein RavZ, a cysteine protease injected into the host
cell cytosol via a type IV secretion system [38]. In the case of GP63, determining how this pro-
tease exits phagosomes is an important issue to resolve in order to understand how it cleaves
its substrates, including VAMP8, within infected cells. Indeed, despite the absence of known
secretion system in Leishmania, GP63 redistributes within infected cells in vesicular structures
Fig 7. Absence of VAMP8 does not affect intracellular survival of L.major in macrophages. (A) Quantification of
opsonized L.majorGLC94 promastigotes internalization and replication in WT or Vamp8-/- C57BL/6 x 129 BMM,
assessed by Giemsa staining at 1, 24, 48, 72, and 96 h after infection. Data are presented as the mean ± SEM of values
from three independent experiments. *p<0.05. (B) Images of Giemsa-stainedWT or Vamp8-/- BMM infected with
opsonized L.majorGLC94 for 2, 24, and 72h.
doi:10.1371/journal.ppat.1005690.g007
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throughout the cytoplasm [7, 15], where it may come in close proximity of VAMP8 present on
late endosomes and lysosomes. This issue is currently under investigation.
The possible consequences of preventing phagosomal LC3 recruitment may be inferred
from a recent study aimed at investigating the role of LC3 during Dectin-1-mediated phagocy-
tosis in bone marrow-derived dendritic cells [25]. Hence, Dectin-1-triggered phagocytosis,
ROS, microbial killing, and cytokine production in response to β-glucan particles were normal
in the absence of LC3. On the other hand, absence of LC3 reduced the ability of dendritic cells
to present antigen in the context of MHCII and to activate CD4 T cells. This was the conse-
quence of a reduced ability of phagosomes to acquire MHCII molecules in the absence of LC3.
Interestingly, the defect in antigen presentation observed in LC3-deficient dendritic cells is spe-
cific to MHC class II [25]. How LC3 influences MHC class II recruitment to maturing phago-
somes is not yet known. Given that Leishmania alters the antigen-presenting and
immunomodulatory functions of dendritic cells through multiple mechanisms [7, 39, 40], it
may be complicated to assess to which extent the exclusion of LC3 from L.major-harboring
PV contributes to the ability of these parasites to evade MHC class II-dependent antigen pre-
sentation. Indeed, we recently showed that the L.major inhibits MHC class II antigen presenta-
tion in a GP63-dependent manner. This inhibition was not due to the cleavage of VAMP8 by
GP63, since MHC class II presentation was not altered in Vamp8-/- cells [7]. Of note, Crauwels
and colleagues [41] investigated the fate of apoptotic Leishmania promastigotes in human mac-
rophages. They observed that in contrast to viable parasites, the majority of apoptotic promas-
tigotes were internalized in LC3-positive phagosomes. In our study, we detected less than 1%
apoptotic parasites in the stationary phase promastigote populations we used to infect macro-
phages. Thus, in our experimental system, the absence of GP63 rather than a difference in the
proportion of apoptotic promastigotes among WT, Δgp63, or Δgp63+gp63 parasites cultures is
responsible for the increased proportion of LC3-positive phagosomes observed during the
phagocytosis of L.major Δgp63 parasites. Whether the apoptotic L.major parasites populations
used by Crauwels et al. contain less GP63 than the viable parasites is not known.
The contribution of VAMP8 in LAP is consistent with its role in the recruitment of NOX2 to
phagosomes [7]. However, our data do not exclude the possibility that VAMP8 could also be
involved in the fusion between LC3-positive autophagosomes and phagosomes. Indeed, a role
for VAMP8 in xenophagy has been described during the invasion of HeLa cells by group A Strep-
tococcus (GAS) [42]. In that study, VAMP8 was shown to act in concert with another SNARE,
Vti1b, to mediate the fusion of xenophagosomes with lysosomes and the recruitment of LC3 to
the resulting compartments. Consistently, the bactericidal efficiency of HeLa cells was reduced in
the absence of VAMP8 [42]. In the case of Leishmania promastigotes, we found that the absence
of VAMP8 had no significant impact on the survival and replication of the parasite inside macro-
phages. Thus, as shown for Candida albicans [25], LAP may not play a significant role during
the establishment of L.major infection within macrophages. This may be related to the fact that
Leishmania promastigotes can efficiently target VAMP8 during the infection process.
In sum, we discovered that L.major promastigotes evade LAP through the action of a metal-
loprotease, GP63, by excluding NOX2 from phagosomes, thereby highlighting a novel strategy
exploited by an intracellular pathogen to interfere with the host antimicrobial machinery.
Materials and Methods
Ethic statements
All animals were handled in strict accordance with good animal practice as defined by the
Canadian Council on Animal Care, and all animal work was approved by the Comité Institu-
tionnel de Protection des Animaux of the Institut National de la Recherche Scientifique-
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Institut Armand-Frappier (protocol 1302–03). This protocol respects procedures on good ani-
mal practice provided by the Canadian Council on Animal Care (CCAC).
Macrophage culture
BMMwere obtained from the femurs and tibias of 6- to 8-week-old female BALB/c (Charles
River), C57BL/6 or Vamp8-/- mice and their wild type (WT) counterpart (on a mixed C57BL/6
x 129 genetic background) described elsewhere [43] and differentiated as previously described
[44] in complete medium (Dulbecco’s Modified Eagle’s Medium with glutamine (Thermo
Fisher Scientific), containing 10% heat-inactivated, fetal bovine serum (FBS) (PAA laboratories
Inc.), 10 mMHEPES pH 7.4 and penicillin-streptomycin), supplemented with 15% (v/v) L929
cell-conditioned medium as a source of colony-stimulating factor-1 (CSF-1), in a 37°C incuba-
tor with 5% CO2. BMM were made quiescent by culturing them in the absence of CSF-1 for 18
h prior to infection. Where indicated, BMM were treated for the indicated times with 10 μM
rapamycin (Cayman Chemical Co.) as a positive control for autophagy induction or with 5 to
10 μM of the NADPH oxidase inhibitor DPI (Sigma-Aldrich). PEM were obtained from female
C57BL/6 mice by peritoneal lavage 3 days after peritoneal injection of 3% (w/v) proteose-pep-
tone and were maintained in complete medium. These macrophages were used to assess
gp91phox recruitment to phagosomes, as the detection of this molecule by confocal immunoflu-
orescence microscopy was superior than in BMM.
Parasites and infections
Promastigotes of L.major NIH S (MHOM/SN/74/Seidman) clone A2 and L.major GLC94
(MHOM/TN/95/GLC94 zymodeme MON25) were cultured at 26°C in Leishmaniamedium
(M199 medium supplemented with 10% heat-inactivated FBS, 100 μM hypoxanthine, 10 mM
HEPES, 5 μM hemin, 3 μM biopterin, 1 μM biotin, and penicillin-streptomycin). The L.major
NIH clone A2 isogenic Δgp63mutant and its complemented counterpart Δgp63+gp63 have
been previously described [45]. Cultures of Δgp63+gp63 promastigotes were supplemented
with 50 μg/ml G418. For BMM infections, promastigotes were used at the late stationary phase
of growth. Complement opsonization of promastigotes and zymosan particles was performed
prior to phagocytosis by incubating the particles in phosphate-buffered saline (PBS) containing
10% mouse serum for 30 min at 37°C. BMM were then incubated at 37°C with promastigotes
(parasite-to-macrophage ratio of 15:1) or zymosan particles (ratio of 5:1) for the indicated
times. Infection levels were assessed by microscopic examination of infected cells after Giemsa
staining with the Hema 3 system (Fisher Scientific).
Western blotting
Adherent BMM were washed with ice-cold PBS containing 1 mMNa3VO4 and lysed in 50 mM
Tris-HCl pH 8, 150 mMNaCl and 1% Nonidet P-40, containing complete protease inhibitors
(Roche Applied Science) and phosphatase inhibitors (1 mM Na3VO4, 50 mMNaF, 1.5 mM
EGTA and 10 mMNa4P2O7). When assessing GP63-mediated cleavage of host proteins, the
zinc chelator 1,10-phenanthroline (Sigma-Aldrich) [46] was added to the lysis buffer, at a con-
centration of 10 mM, to ensure that the observed proteolytic cleavage occurs during the infec-
tion process rather than during sample preparation. Insoluble material was removed by
centrifugation for 10 min at 4°C and protein concentrations were determined using the Pierce
BCA protein assay kit (Pierce). For LC3 conversion analysis, cells were lysed in RIPA buffer
(50 mM Tris-HCl pH 8.0, 150 mMNaCl, 0.1% SDS, 0.5% Na deoxycholate and 1% NP-40)
containing protease and phosphatase inhibitors and whole cell extracts were briefly sonicated
before insoluble material was removed by centrifugation for 10 min at 4°C. Samples were
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separated by SDS-PAGE on 6 to 15% polyacrylamide gels and then transferred to Hybond-LFP
PVDF membranes (LC3) or Hybond-ECL nitrocellulose membranes (GE Healthcare Life Sci-
ences) using a Trans-Blot SD Semi-Dry Transfer Cell apparatus (BioRad). Membranes were
blocked with 5% BSA and incubated with the relevant antibodies. For immunodetection, horse-
radish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit IgG and the enhanced chemilu-
minescence (ECL) detection reagents from GE Healthcare Life Sciences were used. The rabbit
polyclonal antibody against LC3B was purchased from Novus Biologicals. Rabbit polyclonal
antiserum against VAMP8 was from Synaptic Systems. Mouse monoclonal antibodies against
p62 (2C11), gp91phox (clone 53), and β-actin (A5316) were purchased from Abnova Corpora-
tion, BD Transduction Laboratories, and Sigma-Aldrich, respectively. When indicated, radio-
graphic films were scanned with the AlphaImager 3400 imaging system (Alpha Innotech
Corporation), which is equipped with a 12-bit CCD camera and generates high-resolution,
16-bit files. All images were free of pixel saturation. Band intensities in each condition were
quantified by spot densitometry, normalized to their respective β-actin loading control and
compared to the uninfected, untreated control.
Confocal immunofluorescence microscopy
BMMwere seeded in 24-well plates containing microscope coverslips (Fisher Scientific) and
infected with L.major promastigotes or fed zymosan particles for the indicated times. Assess-
ment of the phagosomal recruitment of gp91phox was performed with PEM, as the signal was
superior to the signal obtained with BMM. Cells were washed with PBS, fixed with 2% parafor-
maldehyde (PFA) for 10 min and then simultaneously blocked and permeabilized in 0.1% Tri-
ton X-100, 1% bovine serum albumin, 20% normal goat serum, 6% non-fat dry milk and 50%
FBS for 20 min. Cells were incubated for 1h to 2h with antibodies against LC3B (1:200), Beclin-
1 (rabbit polyclonal, Abcam; 1:300), gp91phox (1:70), or VAMP8 (1:100). AlexaFluor 488-con-
jugated goat anti-rabbit IgG or goat anti-mouse IgG (1:500, Thermo Fisher Scientific) was used
for 30 min, during which time macrophage and promastigote nuclei were stained with DRAQ5
(1:400, BioStatus Ltd.). Coverslips were washed three times with PBS between incubations and
all steps were performed at room temperature. Coverslips were then mounted on Fluoro-
mount-G (SouthernBiotech) and sealed with nail polish. Analyses of LC3 distribution were
performed with a Bio-Rad Radiance 2000 confocal imaging system (Bio-Rad Laboratories)
installed on an Eclipse E800 microscope, using an argon/krypton laser at 488 nm with a Plan
Apo Nikon 60X (NA 1.4) oil immersion lens for LC3 fluorescence and a 638 nm diode laser at
650 nm long-pass with a Plan Apo Nikon 60x (NA 1.4) oil immersion lens for DRAQ5 fluores-
cence. Images were acquired in the normal scanning mode with a Kalman filter of 3 to 6 using
the LaserSharp software. Analyses for Beclin, gp91phox and VAMP8 were performed with a
Plan APOCHROMAT 63x oil-immersion DIC 1.4NA objective on a Zeiss LSM780 confocal
microscope (Carl Zeiss Microimaging) equipped with 30 mW 405 nm diode laser, 25mW 458/
488/514 argon multiline laser, 20mWDPSS 561 nm laser and 5mWHeNe 633 nm laser and
mounted on a Zeiss Axio Observer Z1. Images were acquired in plane scanning mode and were
minimally and equally processed using Carl Zeiss ZEN 2012 software. For all experiments, a
minimum of 100 phagosomes per coverslip were examined for every experimental condition,
each performed in duplicates or triplicates, as indicated. Experiments were repeated the indi-
cated number of times prior to statistical analysis.
ROSmeasurement
Adherent BMM were infected with L.major NIH S promastigotes for 30 min at 37°C in the
presence of 5 μMCellROX Deep Red Reagent (Thermo Fisher Scientific). Subsequently, after
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two washes with PBS, cells were collected by scraping in PBS, fixed for 10 min in 4% PFA and
washed twice with PBS. Samples were acquired in the APC channel on a LSRFortessa SORP
cytometer with the BD FACSDiva6.2 software (BD Biosciences). Fluorescence intensity values
were analyzed using the FlowJo software (version 10; TreeStar).
Statistical analysis
The two-tailed, unpaired Student’s t test was performed to evaluate the significance of the dif-
ferences observed.  p< 0.05,  p< 0.01,  p< 0.001.
Supporting Information
S1 Fig. L.major GP63 down-modulates VAMP8. Confocal microscopy images of C57BL/6 x
129 BMM from wild type or Vamp8-/- mice infected for 1 h with opsonized WT, Δgp63, or
Δgp63+gp63 L.major promastigotes. VAMP8 is in green; nuclei are in blue. Fields containing
several cells are shown to display the decrease in VAMP8 intensity upon infection with
GP63-expressing parasites. Asterisks indicate phagosomes containing zymosan particles and
white arrowheads point to parasite nuclei. Scale bar, 5 μM.
(JPG)
S2 Fig. L. tarentolae does not prevent LC3 recruitment to the phagosome. (A) Confocal
microscopy images of BALB/c BMM infected for 1 h with opsonized L.major or L. tarentolae
promastigotes. LC3 is in green; nuclei are in blue. White arrows indicate parasite nuclei; red-
filled arrowheads point to LC3 recruitment. Scale bar, 5 μM. (B) Quantification of LC3-positive
phagosomes at 1 h after infection. Data are presented as the mean ± SEM of values from two
independent experiments. p<0.001.
(JPG)
Acknowledgments
We are grateful to Dr. W. Robert McMaster for the WT, Δgp63 and Δgp63+gp63 L.major para-
sites, Marcel Desrosiers and Jessy Tremblay for expert assistance with confocal microscopy,
and Guillermo Arango Duque and Dr. Simona Stäger for critical comments.
Author Contributions
Conceived and designed the experiments: CM OS PAC AD. Performed the experiments: CM
OS PAC NM. Analyzed the data: CM OS PAC NM. Contributed reagents/materials/analysis
tools: WJH. Wrote the paper: CM AD.
References
1. Jutras I, Desjardins M. Phagocytosis: at the crossroads of innate and adaptive immunity. Annu Rev
Cell Dev Biol. 2005; 21: 511–527. PMID: 16212505
2. Botelho RJ, Grinstein S. Phagocytosis. Curr Biol. 2011; 21: R533–538. doi: 10.1016/j.cub.2011.05.053
PMID: 21783028
3. Ramachandra L, Song R, Harding CV. Phagosomes are fully competent antigen-processing organelles
that mediate the formation of peptide:class II MHC complexes. J Immunol. 1999; 162: 3263–3272.
PMID: 10092778
4. Houde M, Bertholet S, Gagnon E, Brunet S, Goyette G, Laplante A, et al. Phagosomes are competent
organelles for antigen cross-presentation. Nature. 2003; 425: 402–406. PMID: 14508490
5. Flannagan RS, Jaumouille V, Grinstein S. The cell biology of phagocytosis. Annu Rev Pathol. 2012; 7:
61–98. doi: 10.1146/annurev-pathol-011811-132445 PMID: 21910624
Leishmania Evades LC3-Associated Phagocytosis
PLOS Pathogens | DOI:10.1371/journal.ppat.1005690 June 9, 2016 15 / 17
6. Moradin N, Descoteaux A. Leishmania promastigotes: building a safe niche within macrophages. Front
Cell Infect Microbiol. 2012; 2: 121. doi: 10.3389/fcimb.2012.00121 PMID: 23050244
7. Matheoud D, Moradin N, Bellemare-Pelletier A, Shio MT, HongWJ, Olivier M, et al. Leishmania evades
host immunity by inhibiting antigen cross-presentation through direct cleavage of the SNARE VAMP8.
Cell Host Microbe. 2013; 14: 15–25. doi: 10.1016/j.chom.2013.06.003 PMID: 23870310
8. Desjardins M, Descoteaux A. Inhibition of phagolysosomal biogenesis by the Leishmania lipophospho-
glycan. J Exp Med. 1997; 185: 2061–2068. PMID: 9182677
9. Dermine JF, Goyette G, Houde M, Turco SJ, Desjardins M. Leishmania donovani lipophosphoglycan
disrupts phagosome microdomains in J774 macrophages. Cell Microbiol. 2005; 7: 1263–1270. PMID:
16098214
10. Vinet AF, Fukuda M, Turco SJ, Descoteaux A. The Leishmania donovani lipophosphoglycan excludes
the vesicular proton-ATPase from phagosomes by impairing the recruitment of synaptotagmin V. PLoS
Pathog. 2009; 5: e1000628. doi: 10.1371/journal.ppat.1000628 PMID: 19834555
11. Alvarez de Celis H, Gomez CP, Descoteaux A, Duplay P. Dok proteins are recruited to the phagosome
and degraded in a GP63-dependent manner during Leishmania major infection. Microbes Infect. 2015;
17: 285–294. doi: 10.1016/j.micinf.2014.12.011 PMID: 25554486
12. Gomez MA, Contreras I, Halle M, Tremblay ML, McMaster RW, Olivier M. LeishmaniaGP63 alters host
signaling through cleavage-activated protein tyrosine phosphatases. Sci Signal. 2009; 2: ra58. doi: 10.
1126/scisignal.2000213 PMID: 19797268
13. Contreras I, Gomez MA, Nguyen O, Shio MT, McMaster RW, Olivier M. Leishmania-induced inactiva-
tion of the macrophage transcription factor AP-1 is mediated by the parasite metalloprotease GP63.
PLoS Pathog. 2010; 6: e1001148. doi: 10.1371/journal.ppat.1001148 PMID: 20976196
14. Jaramillo M, Gomez MA, Larsson O, Shio MT, Topisirovic I, Contreras I, et al. Leishmania repression of
host translation through mTOR cleavage is required for parasite survival and infection. Cell Host
Microbe. 2011; 9: 331–341. doi: 10.1016/j.chom.2011.03.008 PMID: 21501832
15. Arango Duque G, Fukuda M, Turco SJ, Stager S, Descoteaux A. Leishmania promastigotes induce
cytokine secretion in macrophages through the degradation of synaptotagmin XI. J Immunol. 2014;
193: 2363–2372. doi: 10.4049/jimmunol.1303043 PMID: 25063865
16. Isnard A, Christian JG, Kodiha M, Stochaj U, McMaster WR, Olivier M. Impact of Leishmania infection
on host macrophage nuclear physiology and nucleopore complex integrity. PLoS Pathog. 2015; 11:
e1004776. doi: 10.1371/journal.ppat.1004776 PMID: 25826301
17. Savina A, Jancic C, Hugues S, Guermonprez P, Vargas P, Moura IC, et al. NOX2 controls phagosomal
pH to regulate antigen processing during crosspresentation by dendritic cells. Cell. 2006; 126: 205–
218. PMID: 16839887
18. Sanjuan MA, Dillon CP, Tait SW, Moshiach S, Dorsey F, Connell S, et al. Toll-like receptor signalling in
macrophages links the autophagy pathway to phagocytosis. Nature. 2007; 450: 1253–1257. PMID:
18097414
19. Lai SC, Devenish RJ. LC3-Associated Phagocytosis (LAP): Connections with Host Autophagy. Cells.
2012; 1: 396–408. doi: 10.3390/cells1030396 PMID: 24710482
20. Huang J, Brumell JH. Bacteria-autophagy interplay: a battle for survival. Nat Rev Microbiol. 2014; 12:
101–114. doi: 10.1038/nrmicro3160 PMID: 24384599
21. Mehta P, Henault J, Kolbeck R, Sanjuan MA. Noncanonical autophagy: one small step for LC3, one
giant leap for immunity. Curr Opin Immunol. 2014; 26: 69–75. doi: 10.1016/j.coi.2013.10.012 PMID:
24556403
22. Romao S, Munz C. LC3-associated phagocytosis. Autophagy. 2014; 10: 526–528. doi: 10.4161/auto.
27606 PMID: 24413059
23. Huang J, Canadien V, LamGY, Steinberg BE, Dinauer MC, Magalhaes MA, et al. Activation of antibac-
terial autophagy by NADPH oxidases. Proc Natl Acad Sci USA. 2009; 106: 6226–6231. doi: 10.1073/
pnas.0811045106 PMID: 19339495
24. Martinez J, Almendinger J, Oberst A, Ness R, Dillon CP, Fitzgerald P, et al. Microtubule-associated pro-
tein 1 light chain 3 alpha (LC3)-associated phagocytosis is required for the efficient clearance of dead
cells. Proc Natl Acad Sci USA. 2011; 108: 17396–17401. doi: 10.1073/pnas.1113421108 PMID:
21969579
25. Ma J, Becker C, Lowell CA, Underhill DM. Dectin-1-triggered recruitment of light chain 3 protein to pha-
gosomes facilitates major histocompatibility complex class II presentation of fungal-derived antigens. J
Biol Chem. 2012; 287: 34149–34156. doi: 10.1074/jbc.M112.382812 PMID: 22902620
26. Lodge R, Diallo TO, Descoteaux A. Leishmania donovani lipophosphoglycan blocks NADPH oxidase
assembly at the phagosome membrane. Cell Microbiol. 2006; 8: 1922–1931. PMID: 16848789
Leishmania Evades LC3-Associated Phagocytosis
PLOS Pathogens | DOI:10.1371/journal.ppat.1005690 June 9, 2016 16 / 17
27. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T, et al. LC3, a mammalian homo-
logue of yeast Apg8p, is localized in autophagosomemembranes after processing. EMBO J. 2000; 19:
5720–5728. PMID: 11060023
28. Li X, Prescott M, Adler B, Boyce JD, Devenish RJ. Beclin 1 is required for starvation-enhanced, but not
rapamycin-enhanced, LC3-associated phagocytosis of Burkholderia pseudomallei in RAW 264.7 cells.
Infect Immun. 2013; 81: 271–277. doi: 10.1128/IAI.00834-12 PMID: 23115045
29. Olivier M, Atayde VD, Isnard A, Hassani K, Shio MT. Leishmania virulence factors: focus on the metallo-
protease GP63. Microbes Infect. 2012; 14: 1377–1389. doi: 10.1016/j.micinf.2012.05.014 PMID:
22683718
30. Campbell DA, Kurath U, Fleischmann J. Identification of a gp63 surface glycoprotein in Leishmania tar-
entolae. FEMSMicrobiol Lett. 1992; 75: 89–92. PMID: 1526469
31. Gong L, Cullinane M, Treerat P, RammG, Prescott M, Adler B, et al. The Burkholderia pseudomallei
type III secretion system and BopA are required for evasion of LC3-associated phagocytosis. PLoS
One. 2011; 6: e17852. doi: 10.1371/journal.pone.0017852 PMID: 21412437
32. LamGY, CemmaM, Muise AM, Higgins DE, Brumell JH. Host and bacterial factors that regulate LC3
recruitment to Listeria monocytogenes during the early stages of macrophage infection. Autophagy.
2013; 9: 985–995. doi: 10.4161/auto.24406 PMID: 23584039
33. Martinez J, Malireddi RK, Lu Q, Cunha LD, Pelletier S, Gingras S, et al. Molecular characterization of
LC3-associated phagocytosis reveals distinct roles for Rubicon, NOX2 and autophagy proteins. Nat
Cell Biol. 2015; 17: 893–906. doi: 10.1038/ncb3192 PMID: 26098576
34. Spath GF, Garraway LA, Turco SJ, Beverley SM. The role(s) of lipophosphoglycan (LPG) in the estab-
lishment of Leishmania major infections in mammalian hosts. Proc Natl Acad Sci USA. 2003; 100:
9536–9541. PMID: 12869694
35. Rodriguez NE, Gaur Dixit U, Allen LA, Wilson ME. Stage-specific pathways of Leishmania infantum
chagasi entry and phagosome maturation in macrophages. PLoS One. 2011; 6: e19000. doi: 10.1371/
journal.pone.0019000 PMID: 21552562
36. Winberg ME, Holm A, Sarndahl E, Vinet AF, Descoteaux A, Magnusson KE, et al. Leishmania donovani
lipophosphoglycan inhibits phagosomal maturation via action on membrane rafts. Microbes Infect.
2009; 11: 215–222. doi: 10.1016/j.micinf.2008.11.007 PMID: 19070677
37. Ma J, Becker C, Reyes C, Underhill DM. Cutting edge: FYCO1 recruitment to dectin-1 phagosomes is
accelerated by light chain 3 protein and regulates phagosome maturation and reactive oxygen produc-
tion. J Immunol. 2014; 192: 1356–1360. doi: 10.4049/jimmunol.1302835 PMID: 24442442
38. Choy A, Dancourt J, Mugo B, O'Connor TJ, Isberg RR, Melia TJ, Roy CR. The Legionella effector RavZ
inhibits host autophagy through irreversible Atg8 deconjugation. Science. 2012; 338: 1072–1076. doi:
10.1126/science.1227026 PMID: 23112293
39. Soong L. Modulation of dendritic cell function by Leishmania parasites. J Immunol. 2008; 180: 4355–
4360. PMID: 18354154
40. Liu D, Uzonna JE. The early interaction of Leishmania with macrophages and dendritic cells and its
influence on the host immune response. Front Cell Infect Microbiol. 2012; 2: 83. doi: 10.3389/fcimb.
2012.00083 PMID: 22919674
41. Crauwels P, Bohn R, Thomas M, Gottwalt S, Jackel F, Kramer S, et al. Apoptotic-like Leishmania
exploit the host's autophagy machinery to reduce T-cell-mediated parasite elimination. Autophagy.
2015; 11: 285–297. doi: 10.1080/15548627.2014.998904 PMID: 25801301
42. Furuta N, Fujita N, Noda T, Yoshimori T, Amano A. Combinational soluble N-ethylmaleimide-sensitive
factor attachment protein receptor proteins VAMP8 and Vti1b mediate fusion of antimicrobial and
canonical autophagosomes with lysosomes. Mol Biol Cell. 2010; 21: 1001–1010. doi: 10.1091/mbc.
E09-08-0693 PMID: 20089838
43. Wang CC, Ng CP, Lu L, Atlashkin V, ZhangW, Seet LF, et al. A role of VAMP8/endobrevin in regulated
exocytosis of pancreatic acinar cells. Dev Cell. 2004; 7: 359–371. PMID: 15363411
44. Descoteaux A, Matlashewski G. c-fos and tumor necrosis factor gene expression in Leishmania dono-
vani-infected macrophages. Mol Cell Biol. 1989; 9: 5223–5227. PMID: 2513483
45. Joshi PB, Kelly BL, Kamhawi S, Sacks DL, McMaster WR. Targeted gene deletion in Leishmania major
identifies leishmanolysin (GP63) as a virulence factor. Mol Biochem Parasitol. 2002; 120: 33–40.
PMID: 11849703
46. Chaudhuri G, Chaudhuri M, Pan A, Chang KP. Surface acid proteinase (gp63) of Leishmania mexicana.
A metalloenzyme capable of protecting liposome-encapsulated proteins from phagolysosomal degra-
dation by macrophages. J Biol Chem. 1989; 264: 7483–7489. PMID: 2708373
Leishmania Evades LC3-Associated Phagocytosis
PLOS Pathogens | DOI:10.1371/journal.ppat.1005690 June 9, 2016 17 / 17
